Introduction
Human T-cell leukemia virus type I (HTLV-I) is an oncogenic retrovirus, etiologically associated with an acute T-cell malignancy termed adult T-cell leukemia (ATL) (Poiesz et al., 1980; Yoshida et al., 1982) . HTLV-I transforms human T cells both in vivo and in cell culture, and the transformation appears to involve two stages (Feuer and Chen, 1992; Green and Chen, 1990; Smith and Greene, 1991) . During the early stage, the virus induces interleukin-2 (IL-2)-dependent T-cell proliferation, which mimics the action of antigens. However, unlike antigen-stimulated T cells, which cease growth after a few weeks, HTLV-I-infected T cells proliferate inde®nitely and thus are considered immortalized (Feuer and Chen, 1992) . The uncontrolled cell proliferation is believed to facilitate occurrence of secondary genetic changes, thus allowing the immortalized T cells to progress to the second stage of transformation, which is characterized by IL-2-independent growth (Smith and Greene, 1991) .
The life span of normal activated T cells is largely controlled by a genetic program termed apoptosis or activation-induced cell death (AICD) (Lynch et al., 1995) . The apoptotic signals are usually initiated through cell surface receptor/ligand interactions. Many of the death-related cell surface receptors belong to the tumor necrosis factor receptor (TNFR) family, which interact with their speci®c ligandsmembers of the TNF family (Gruss and Dower, 1995; Ware et al., 1996) . The receptor/ligand interaction initiates an intracellular apoptotic signaling pathway, involving activation of a variety of proteases (caspases), eventually resulting in cell death (Hetts, 1998) . Recent studies have led to the identi®cation of a number of intracellular apoptosis regulators, which either inhibit or accelerate the apoptotic signal (White, 1996) . Thus, interruption of either the cell surface receptors and their ligands or the intracellular apoptosis regulators may result in abnormal cell survival, leading to a disease state.
Emerging evidence suggests that HTLV-I not only induces the proliferation of host T cells but also protects the infected cells from undergoing apoptosis (Arai et al., 1998; Copeland et al., 1994; Kishi et al., 1997) . Although the molecular mechanism by which HTLV-I promotes cell growth and survival remains unclear, recent studies suggests that deregulation of cellular genes by the virus may play a role. In this regard, the HTLV-I genome encodes a 40-kDa transactivator protein, Tax, which is capable of inducing or repressing various cellular genes (Smith and Greene, 1991; Uchiyama, 1997) . For example, Tax transactivates genes encoding the T-cell growth factor IL-2 (Maruyama et al., 1987; Siekevitz et al., 1987) and the a subunit of its high anity receptor complex (IL2Ra (Cross et al., 1987; Inoue et al., 1986; Siekevitz et al., 1987) , the proto-onco protein c-Fos (Alexandre and Verrier, 1991; Fujii et al., 1988; Nagata et al., 1989) , and the cell adhesion molecule gp34 (Miura et al., 1991; Ohtani et al., 1998) . On the other hand, the Tax protein represses the expression of several other cellular genes, such as those encoding the DNA repair enzyme b-polymerase (Jeang et al., 1990) , the tumor supressor p53 (Uittenbogaard et al., 1995) , the protein tyrosine kinase Lck (Lemasson et al., 1997) , and the apoptosis accelerator Bax (Brauweiler et al., 1997) . Thus, a systematic analysis of HTLV-I-deregulated cellular genes may provide important insights into the molecular mechanisms by which HTLV-I induces abnormal growth and subsequent transformation of T cells. In the present study, we have analysed the expression pro®le of 588 cell-growth-related genes in normal and HTLV-I-immortalized human T cells. We show that HTLV-I deregulates a large number of cellular genes, especially those involved in the control of apoptosis. Many genes encoding apoptosis accelerators are either down regulated or completely shut o in the virus-immortalized T cells, whereas those encoding apoptosis inhibitors are potently induced by the virus. These results provide an important insight into the molecular mechanism by which HTLV-I transforms host cells.
Results and discussion
Multiple cellular genes are deregulated in HTLV-Iimmortalized T cells
To investigate the molecular basis of HTLV-I-induced T-cell immortalization, we used an in vitro strategy to prepare normal (uninfected) and HTLV-I-infected human peripheral blood T cells from the same blood sample. In the presence of exogenous IL-2, both the normal PHA-stimulated T cells and HTLV-I-infected T cells proliferate vigorously. However, the normal T cells ceased growth within 4 weeks and subsequently died, while the HTLV-I-infected T cells proliferated continuously and thus were considered immortalized (data not shown). To examine the molecular basis of HTLV-I-induced abnormal cell growth and survival, we compared gene expression pro®les in the normal activated and HTLV-I-immortalized T cells. We isolated mRNAs from both the normal and HTLV-Iimmortalized T cells, and these two mRNA samples were used as templates to synthesize 32 P-radiolabeled cDNA probes by in vitro reverse transcription. The cDNA probes were then hybridized to two identical gene array membranes, each containing 588 cDNAs for selected human genes involved in various aspects of cell function (Atlas TM Human cDNA Expression Array 1, ClonTech, Inc.). These genes fall into six categories, each presented in a separate quadrant in Figure 1 (A ± F). The hybridization pattern re¯ects the gene expression pro®les in the normal (upper panels in each quadrant) and HTLV-I-immortalized (lower panels) T Tables 1 ± 3 . A complete list of these genes is available upon request cells. Drastic dierences in gene expression were observed in each category of genes between the normal and the immortalized T cells. While the expression of a number of genes was signi®cantly induced after HTLV-I infection (Table 1 ) the expression of some other genes was either markedly down regulated or completely inhibited in the immortalized cells (Table 2) . On the other hand, the expression levels of three house keeping genes, b-actin (Figure 1, F5o) , 23-kDa highly basic protein (F6o), and ribosomal protein S9 (F7o) were similar in the two cell populations. As shown in Tables 1 and 2 , among the 588 genes analysed 57 were induced and 27 were down regulated in HTLV-I-immortalized T cells.
To con®rm that the gene array analysis generates consistent results with conventional RNA analysis strategies, Northern blots were performed to analyse the expression of select genes, including lymphotoxin b (LTb), CD27 ligand (CD27L), and C-terminal Src kinase (CSK). The LTb mRNA was readily detected in normal activated T cells (Figure 2, lane 1) . More importantly, as demonstrated by the gene array analyses ( Figure 1C, 3n) , expression of this gene was completely shut o in HTLV-I-immortalized T cells (Figure 2, lane 2) . A parallel Northern blot performed with the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA probe showed that the expression of this house-keeping gene was almost equal in the normal and immortalized T cells (Figure 2 , lanes 1 and 2, lower panel). Northern analyses of CD27L and CSK Table 1 Genes induced in HTLV-I-immortalized T cells
GenBank
Gene array accession # Name position 
Figure 2 Northern blot analyses. Total RNA was isolated from normal (Normal T) or HTLV-I-immortalized (Transformed T) human peripheral blood T cells or the indicated IL-2-independent HTLV-I-transformed T-cell lines (MT-2 and SLB-1). The RNA samples were fractionated on agarose gels and then subjected to Northern blotting analyses using 32 P-radiolabeled cDNA probes corresponding to the indicated genes genes (Figure 2 , lanes 3 and 4) also completely supported the results obtained from the gene array ( Figure 1C , 2a for CD27L and Figure 1A , 4i for CSK), demonstrating that CD27L was induced whereas CSK was down regulated in HTLV-I-transformed T cells. We also analysed the expression of these two genes in two IL-2-independent HTLV-I-transformed T-cell lines, MT-2 and SLB-1. The induction of CD27L and the inhibition of CSK were even more dramatic in these late-phase transformed T cells (Figure 2 , lanes 5 and 6). Thus, the gene array allows speci®c and accurate analyses of dierential gene expression.
We analysed the expression pro®le of genes involved in dierent aspects of cell function. Interestingly, many of the deregulated genes are involved in dierent levels of apoptosis regulation. Some other genes encode transcription factors, which appear to be required for either viral gene expression or the expression of various cellular growth-related genes. The results of these analyses are described in the following.
Deregulation of genes from the TNF and TNF receptor families
The TNF receptor (TNFR)-family proteins play important roles in regulation of T-cell growth and survival. Dierent members may promote either T-cell activation or T-cell death (Ware et al., 1996) . The ligands of these cell surface receptors are the TNF family of molecules, such as TNF-a, LTa, LTb, CD27L, etc. (Gruss and Dower, 1995) . The expression of several members of the TNF and TNFR families was drastically altered along with HTLV-I-mediated Tcell immortalization (summarized in Table 3 ). TNFR1 and TNFR2, important surface receptors mediating TNF-a-induced apoptosis, were strongly expressed in the activated normal T cells ( Figure 1C, 1c and 1m) . However, the expression of both genes was markedly down regulated in HTLV-I-immortalized T cells (1c and 1m, lower panel). Similarly, the expression of TNF-a gene was also inhibited in HTLV-I immortalized cells ( Figure 1C , 1e, lower panel). Of note, previous studies demonstrated that HTLV-I-infected cells constitutively secreted TNF-a, suggesting that the virus might stimulate TNF-a gene expression (Saggioro et al., 1991) . However, our studies aimed at comparing the HTLV-I-infected T cells with activated normal T cells. We demonstrated that although the virusimmortalized T cells did express low levels of TNF-a mRNA ( Figure 1C , 1e, lower panel), the expression of this gene in normal T cells was strikingly higher (upper panel). We also observed that a gene encoding another TNF family member, LTb, was drastically down regulated in the HTLV-I-immortalized T cells ( Figure  1C , 3n and Figure 2 ). LTb is a membrane-bound protein selectively expressed on activated lymphocytes as heterotrimeric complexes with its homologue, LTa, (Ware et al., 1996) . There are two types of LTa/LTb complexes, LTa2/LTb1 and LTa1/LTb2, which serve as ligands for TNFR1 and LTb receptor (LTbR), respectively (Browning et al., 1995) . Recent gene knock-out studies suggest that LTb is required for lymphoid organogenesis (Koni et al., 1997) . It is unknown whether this TNF-a homologue plays any role in regulation of T-cell death. Nevertheless, the down regulation of TNF-a and LTb genes was in sharp contrast to the stimulatory eect of HTLV-I on the expression of other TNF family genes known to function as T-cell costimulators (Table 3) . One such gene, the CD27L, was markedly induced in the HTLV-I-immortalized cells ( Figure 1C , 2a and Figure 2 ). CD27L is a physiological ligand of a T-cell costimulatory receptor, CD27. The CD27/CD27L interaction enhances and prolongs the activation of T cells (Hintzen et al., 1994) . In contrast to TNF-a, CD27L has been implicated in the induction of T-cell survival rather than apoptosis (Hintzen et al., 1994) . Another TNF family member with T-cell costimulating function, OX40L, has previously been shown to be induced by HTLV-I (Baum et al., 1994; Imura et al., 1996) . Consistent with these prior studies, our gene array analyses revealed that this gene was strongly enhanced in HTLV-I-immortalized T cells ( Figure 1F, 5e) . Similarly, CD30, a T-cell costimulatory receptor was also induced in the HTLV-I-immortalized T cells ( Figure 1E , 5f) Thus, HTLV-I-mediated abnormal expression of the TNF-and TNFR-family genes appears to favor the growth and survival of the infected T cells.
Induction of genes encoding apoptosis inhibitors
Recent studies have identi®ed a number of intracellular proteins that function to either inhibit or accelerate apoptosis (White, 1996) . As summarized in Table 4 , a The fold induction (:) or inhibition (;) of the indicated genes was determined and presented as in Table 3 number of such genes were markedly induced by HTLV-I. For example, expression of a gene encoding the inhibitor of apoptosis 1 (IAP1) was hardly detectable in normal T cells but was dramatically induced in HTLV-I-immortalized T cells ( Figure 1C , 4i). The IAP factors are potent inhibitors of apoptosis (Rothe et al., 1995; Uren et al., 1996) , which function by inhibiting speci®c proteases (caspases) involved in cell death induction Roy et al., 1997) . Another gene clearly induced in HTLVimmortalized cells was dad-1 ( Figure 1C, 2f) , an evolutionarily conserved gene involved in apoptosis suppression (Sugimoto et al., 1995) . It is currently unclear how this small protein interferes with apoptosis induction. The HTLV-I-induced cellular survival genes also included the cytoplasmic dynein light-chain gene (ddlc1). This gene was originally characterized in Drosophila melanogaster, where it was suggested to play a role in cell survival and dierentiation (Dick et al., 1996) . Interruption of ddlc1 gene in Drosophila is associated with widespread apoptotic cell death, resulting in embryonic lethality. Interestingly, a recent study demonstrates that the human homologue of ddlc1 physically interacts with IkBa (Crepieux et al., 1997), a major form of NF-kB inhibitor known to sensitize cells for apoptosis (Van Antwerp et al., 1996; Wang et al., 1996) . It remains to be examined whether the ddlc1 gene product counteracts the apoptotic stimulatory action of IkBa. Other known apoptosis inhibitors induced in HTLV-I-immortalized cells include I-309 ( Figure 1F, 3i ), a chemokine protecting T cell lymphomas against apoptosis induction (Van Snick et al., 1996) , and the heat shock 27-kD protein (HSP27) ( Figure 1B , 7l) which inhibits apoptosis induced by Fas and staurosporine (Guenal et al., 1997; Mehlen et al., 1996 Mehlen et al., , 1997 . Additionally, certain genes encoding antioxidant factors were also up regulated in the HTLV-I-immortalized cells. Examples include the Cu/Zn-superoxide dismutase ( Figure 1C , 7b, reference Mena et al., 1997) , natural killer cell enhancing factor (NKEF) ( Figure 1B , 7h, reference Sauri et al., 1995) , and the proliferation association gene (pag) ( Figure 1D , 7c, reference Prosperi et al., 1993) . These antioxidants constitute important survival factors of cells, since production of extensive amounts of reactive oxygen species (ROI) causes either necrotic or apoptotic cell death (Fujii et al., 1996) . Thus, it appears that the HTLV-I-mediated T-cell immortalization is associated with the induction of various apoptosis inhibitors.
Inhibition of genes encoding apoptosis accelerators
In further support of the notion that HTLV-I deregulates genes involved in apoptosis regulation, a number of genes encoding apoptosis accelerators are down regulated in the HTLV-I-immortalized T cells (Table 4) . One such gene, Bax, encodes a Bcl-2 homologue, which promotes apoptosis by suppressing the anti-apoptotic activity of Bcl-2 (Oltvai et al., 1993) . At least in transfected cells, the ratio of Bcl-2 to Bax appears to determine the fate of the cells; an excess of Bcl-2 results in survival whereas an excess of Bax results in death (Gajewski and Thompson, 1996) . Indeed, both lack of Bax and over expression of Bcl-2 are associated with inhibition of apoptosis and induction of tumor formation (Hetts, 1998; Vaux et al., 1988; Yin et al., 1997) . Another Bcl-2 family member opposing the action of Bax is Bcl-xL, which functions to repress apoptosis (Boise et al., 1993) . Our gene array analyses revealed that in normal activated T cells, high levels of Bax mRNA was detected ( Figure  1C, 2h) , whereas the expression of the Bcl-2 ( Figure  1C, 4b) and Bcl-xL ( Figure 1C, 3e ) genes was hardly detectable, which was in agreement with the poor survival of these cells. Remarkably, in HTLV-Iimmortalized T cells, the Bax gene expression was dramatically inhibited ( Figure 1C, 2h, lower panel) , although the expression of Bcl-2 and Bcl-xL genes was not in¯uenced. Consistent with our gene array results, a previous study suggests that the HTLV-I Tax protein represses the expression of the bax gene (Brauweiler et al., 1997) . Based on the studies performed in other systems (Brauweiler et al., 1997; Yin et al., 1997) , it is suggestive that down regulation of Bax gene expression may contribute to HTLV-I-induced T-cell transformation. Another HTLV-I-deregulated apoptosis-inducing gene, caspase-8 (also named MACH, Mch5 or Flice), encodes a cysteine protease that plays a key role in the initiation of the apoptotic proteolytic cascade (Boldin et al., 1996; Muzio et al., 1996) . The caspase-8 gene was strongly expressed in the normal T cells ( Figure  1C , 5a, upper panel); however, its expression was almost completely shut o in the HTLV-I-immortalized cells (lower panel). Apoptosis can be also triggered by aberrant induction of cell cycle progression, as seen with the cMyc-dependent cell death. In this regard, recent studies suggest that cyclin D3, but not other cyclins, serves as a mediator of Myc-dependent apoptosis (JaÈ nicke et al., 1996) . Over expression of cyclin D3 sensitizes TNFtriggered c-Myc-dependent cell killing. Interestingly, when cyclin D3 expression is inhibited in the cells, Myc-dependent apoptosis is largely blocked even though the cells express high levels of c-Myc (JaÈ nicke et al., 1996) . We observed that the HTLV-Iimmortalized cells express high levels of c-Myc ( Figure 1A, 1a, lower panel) ; however, expression of cyclin D3 was almost completely blocked ( Figure 1A , 6e, compare upper and lower panels). Down-regulation of cyclin D3 gene has also been detected in various IL-2-independent HTLV-I-transformed T-cell lines (Akagi et al., 1997) . Of note, the expression level of many other cyclin genes was either induced (cyclin A, Figure  1A , 6f; cyclin B1, 6l; cyclin D2, A 6h; and cyclin G1, A 7a) or unaltered (cyclin D1, 6g; cyclin E, A 6m; cyclin G2, A 7b; cyclin H, A, 6i). Thus, cyclin D3 appeared to be the only cyclin down regulated in the immortalized cells. The lack of this apoptosis-related cyclin may contribute to the anti-apoptotic property of these virus-immortalized T cells.
Inhibition of protein tyrosine kinases
Protein tyrosine kinases (PTK), especially those from the Src and Syk families play a central role in T-cell receptor (TCR)-mediated transmembrane signal transduction (Weiss, 1993) . It has previously been shown that HTLV-I Tax protein inhibits the gene encoding Lck (Lemasson et al., 1997) , an important member of the Src PTK family. Our gene array analyses revealed a consistent result, demonstrating that the Lck gene was markedly down regulated in HTLV-I-immortalized T cells ( Figure 1B, 4k and Table 5 ). The expression of another Src-like PTK, termed Hck, was almost completely shut o in the immortalized T cells ( Figure 1B, 6a) . Interestingly, the gene encoding a Src PTK regulator, CSK, was similarly inhibited in the HTLV-I-infected T cells ( Figure 1A, 4i and Figure 2) . In addition to the Src family members, the Syk PTK gene was also inhibited by HTLV-I (Figure 1B, 2n) . These ®ndings suggest that TCR-mediated transmembrane signal transduction may not be required for HTLV-I-mediated T-cell activation and subsequent Tcell transformation. In agreement with this notion, HTLV-I infection has also been shown to block the expression of various TCR-associated signaling chains, including CD3-gamma, -delta, -epsilon, and -zeta (de Waal Malefyt et al., 1990) . Thus, inhibition of TCR signaling appears to be a hallmark of HTLV-Imediated T-cell transformation. Whether the downregulation of TCR signaling plays a role in HTLV-Iinduced abnormal T-cell survival and transformation remains to be further investigated. However, circumstantial evidence suggests that down regulation of TCR/PTK components may favor the survival and proliferation of virus-infected cells. Firstly, ligation of the TCR complex by antigens is known to trigger apoptotic cell death (or AICD) of activated cycling T cells (Lynch et al., 1995) . Elimination or down regulation of the TCR would allow the HTLV-Iinfected T cells escape from AICD. Secondly, AICD also requires expression of functional PTKs, since inhibition or deletion of select PTK genes reduces TCR-triggered T-cell death (Eischen et al., 1997; Gonzalez-Garcia et al., 1997; Migita et al., 1995) . Thirdly, a recent study suggests that TCR-associated PTKs are required for the antiproliferative eects of interferon alpha (IFN-a) , and deletion of certain PTK genes renders T cells insensitive to IFN-a-mediated inhibition (Petricoin et al., 1997) . Finally, the TCR on virus-infected T cells is also required for anti-viral immune responses mediated by speci®c cytotoxic T cells in vivo. Thus, the lack of TCR expression on HTLV-I-infected T cells would allow these malignant cells escape from CTL recognition and lysis.
Induction of transcription factor genes
Functional activation of transcription factors is a hallmark of the HTLV-I-encoded Tax protein (Smith and Greene, 1991; Yoshida, 1995) . Activation of transcription factors can occur at either post-translational or transcriptional levels. Previous studies have demonstrated that Tax post-translationally activates a number of cellular transcription factors, including members from the CREB/ATF and NF-kB/Rel families (Smith and Greene, 1991; Yoshida, 1995) . We found here that the genes encoding several transcription factors were up regulated by HTLV-I (Table 5) . These factors included c-Rel ( Figure 1A, 3h) , a known Tax target protein belonging to the NF-kB/ Rel family (Li et al., 1993) . Enhanced transcription of c-Rel gene has previously been detected from various HTLV-I-transformed cell lines (Li et al., 1993) , thus further con®rming the reliability of the gene array technique. Another HTLV-I-induced transcription factor was ATF4 (also named TAXREB67 or CREB-2) ( Figure 1D, 2f) , a bZIP-containing transcription factor involved in Tax-mediated activation of the HTLV-I long terminal repeat (LTR) (Tsujimoto et al., 1991) . ATF4 has also been shown to participate in the activation of cellular genes, including IL-2 (Butscher et al., 1998) . Interestingly, ATF4 has recently been shown to interact with a apoptosisinducing protein kinase, ZIP kinase, and proposed to serve as an inhibitor of ZIP (Kawai et al., 1998) . A gene encoding a Y box binding transcription factor (YB-1) was also signi®cantly up regulated in the HTLV-I-immortalized cells ( Figure 1D, 5a) . YB-1 binds to DNA motifs with a CCAAT core sequence present in the promoter regions of many genes, including the HTLV-I LTR (Kashanchi et al., 1994) and the multidrug resistance 1 gene (MDR-1) (Bargou et al., 1997) . The biological function of YB-1 can be induced by UV radiation and various anticancer agents. Thus, by activating MDR-1 gene expression, YB-1 may play a role in protecting cells from the cytotoxic eects of agents that induce DNA crosslinking damage (Ohga et al., 1996) , as seen with breast cancer cells (Bargou et al., 1997) . Activation of the HTLV-I viral genes, on the other hand, may indirectly contribute to host cell transformation. An unexpected ®nding was the strong expression of the GATA-2 gene in HTLV-I-immortalized T cells ( Figure 1D , lb, lower panel). This gene is usually expressed in nonlymphoid cells, such as endothelial cells, erythroid progenitors, and megakaryocytes (Dorman et al., 1992; Yamamoto et al., 1990) . Consistently, no GATA-2 mRNA was detected in the normal T cells (Figure 1D, 1b, upper panel) . Whether the strong expression of GATA-2 gene contributes to the abnormal proliferation and survival of HTLV-I-immortalized cells remains to be further investigated. Nevertheless, induction of GATA-2 gene by erythropoietin in erythroid cells is associated with enhanced cell proliferation and survival (Tsushima et al., 1997) . Another transcription factor induced in the HTLV-I-infected T cells was the protooncogene c-Jun ( Figure 1A, 1l) , which serves as an major member of the AP-1 family of enhancer binding factors (Foletta et al., 1998) . While many transcription factors are induced by HTLV-I, a gene encoding a potential transcription factor, nucleobindin (Nuc), was markedly down regulated in the immortalized T cells (Figure 1D , 5f). Nuc is a secreted protein containing basic zipper DNA binding motifs and known to bind DNA (Miura et al., 1992) . The function of this unusual DNA binding factor remains obscure.
In addition to the speci®c enhancer binding proteins, certain general transcription factor components were The fold induction (:) or inhibition (;) of the indicated genes was determined and presented as in Table 3 also induced in the virus-immortalized T cells. These general transcription factors include the RNA polymerase II elongation factor SIII p15 subunit ( Figure  1D , 3j) and the TATA-binding-protein-associated factor TAFII31 (1D, 7k). These ®ndings suggest that HTLV-I may induce cellular gene transcription both through activation of speci®c enhancers and by enhancing the eciency of general transcription reactions. In summary, HTLV-I deregulates various genes involved in the control of cell death and survival. In all the genes analysed, those encoding apoptosis accelerators are down regulated, whereas those encoding apoptosis-inhibitors are induced. These gene products function at dierent levels of apoptosis regulation, including cell surface receptors, secreted proteins, intracellular signaling molecules, apoptotic proteases, as well as transcription factors. This pattern of gene expression strongly suggest that deregulation of the genetic program involved in apoptosis regulation serves as a key molecular mechanism underlying HTLV-I-mediated host cell transformation.
Materials and methods

Cells and culture conditions
MT-2 (Miyoshi et al., 1981) and SLB-1 (Koeer et al., 1984) are HTLV-I-transformed human T-cell lines, which proliferate independent of IL-2. These cells were cultured in RPMI medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and antibiotics. Human peripheral blood mononuclear cells (PBMC) were prepared from T-cell enriched human blood (Biological Speciality Corporation, Colmar) with a Ficoll-Hypaque gradient (Pharmacia Biotech). The cells were stimulated for 36 h with phytohemaglutinin (PHA, 2 mg/ml) and then cultured in RPMI 1640 medium supplemented with 20% fetal bovine serum, 2 mM L-glutamine, antibiotics, and 25 units/ml of human recombinant IL-2 (Biological Resources Branch, NCI). Under these conditions, PBMC usually continuously grew for up to 4 weeks in the presence of exogenous IL-2. Proliferating T cells were isolated from the PBMC by negative selection using the Enrichment Immunecolumns (Biotex Laboratories Inc., Edmonton, Alberta).
In vitro transformation of T cells with HTLV-I
In vitro transformation of T cells with HTLV-I was performed as previously described (Merl et al., 1984; Persaud et al., 1995) . Brie¯y, PHA-stimulated PBMC was cocultured with g-irradiated HTLV-I donor cells (MT-2) in the IL-2-containing RPMI medium. The cells were diluted when the medium become acidic (as indicated by its color change). As expected (Merl et al., 1984; Persaud et al., 1995) , the virus-infected T cells became immortalized after about 5 weeks of cocultivation. These cells proliferated vigorously when exogenous IL-2 was provided, a characteristic of T cells at early stage of HTLV-I infection (Feuer and Chen, 1992; Sodroski, 1992) . Under the same culturing conditions, the uninfected control PBMC usually cease growth within 4 weeks, and the g-irradiated MT-2 cells never grew (data not shown). The HTLV-I-immortalized T cells were maintained in RPMI medium supplemented with IL-2 and used as bulk population.
FACS analyses
Proliferating normal and HTLV-I-immortalized human T cells were stained with¯uorescence conjugated monoclonal antibodies for cell surface markers speci®c for T cells (FITC-anti-CD3) or monocytic cells (PE-anti-CD14). Single color FACS was performed using FACScan 2000. The FACS analyses revealed more than 97% CD3 + cells and hardly any CD14 + cells in both cell populations (data not shown), thus con®rming the purity of these normal and immortalized T cells.
Gene array analyses
Total RNA was prepared from vigorously proliferating normal T cells (after about 2 weeks in culture) or HTLV-Iimmortalized T cells (after about 10 weeks in culture). Poly(A) + RNA was isolated from the total RNA using poly dT columns (Qiagen). The poly(A) + RNA samples were reverse transcribed in the presence of [a 32 P] UTP, and the generated radiolabeled cDNA probes were hybridized to two identical membranes, containing various cDNAs for known human genes (ClonTech, Atlas TM Human cDNA Expression Array 1, reference Chenchik et al., 1998) . After hybridization and extensive washes, the membranes were subjected to autoradiography. Individual bands were also quantitated by a densitometer.
Northern blotting
Total RNA samples (10 mg) were separated by 1% formaldehyde denaturing agarose gels and then transferred onto nitrocellulose membranes. The membranes were hybridized with the indicated 32 P-radiolabeled cDNA probes, followed by autoradiography.
